Synthesis of Heteroarylogous 1H-Indole-3-carboxamidines via a Three-Component Interrupted Ugi Reaction
Although the Ugi reaction (Scheme 1) was discovered in the late 1950s, 1 this multicomponent transformation can still be the starting point and the inspiration in the search for novel and important multicomponent reactions (MCRs).
Scheme 1 The four-component Ugi reaction
Indeed, following studies on the mechanism of the Ugi reaction, 2 different strategies have been disclosed over the last decades for the identification of novel true isocyanidemediated MCRs. 3 For example, shortly after the disclosure of the four-component Ugi reaction, Ugi-like transformations using surrogates of amines (hydroxylamine, 4 hydrazine 5 ) or carboxylic acids (HN 3 , 6 HNCO 7 ) were reported, affording novel molecular frameworks. Apart from the use of bifunctionalized substrates in the Ugi reaction, only over the past few years have intellectually deeper approaches been systematically searched for and found. 8 Four main strategies have been considered: i) the use of a secondary amine and a nucleophile grafted in one of the four components which allows for the interception of the formed imino anhydride; 9 ii) the use of electron-deficient phenols as carboxylic acid surrogates which can trigger a Smiles rearrangement in place of the Mumm-type rearrangement; 10 iii) the identification of novel electrophiles, as substitutes for the iminium ion, able to be attacked by the isocyanides [acyl cyanides, 11 trimethylsilanol, 12 acyl isocyanates, 13 (Z)-chloro oximes 14 ]; finally, iv) the intramolecular interception of the nascent nitrilium ion by a nucleophile, avoiding, in this case, the use of the carboxylic acid. The latter, threecomponent reaction is usually referred to as the interrupted Ugi reaction, and a series of transformations which have followed this strategy have been disclosed. To date, reactions with isocyanoacetamides, 15 isocyano esters, 15b,16 diamines, 17 electron-rich anilines, 18 2-aminophenols, 19 2-aminopyridines, and related heterocycles 20 represent the state of the art for the interrupted multicomponent Ugi reaction (Scheme 2).
As shown in Scheme 2, it appears evident that despite the fact that most of the above transformations have been carried out using methanol as solvent, signs of the successful formation of an imidate by the reaction between methanol and the nitrilium ion have never been reported. This result indicates either the reversibility of the process or the inability of methanol to attack the nitrilium ion. In the same way, the direct attack of the nitrilium ion by the amine nitrogen to afford an aziridin-2-imine has never been described.
Stimulated by these results and aware that this strategy has not been fully exploited yet, we started to consider which nucleophile would be able to trap the ephemeral nitrilium ion in a productive manner. Firstly, we focused our attention on the indole ring. Indeed, it is well known that its 
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electron-rich nature makes electrophilic aromatic substitution (S E Ar) at the C3 position extremely facile. To our surprise, a preliminary search of the literature revealed to us that this strategy had yet to be taken into consideration, despite the undeniable importance of the indole nucleus in several branches of chemistry. As proof of principle, we therefore synthesized 1-(1H-indol-2-yl)-N-methylmethanamine (8) which is easily obtainable starting from the commercially available 1H-indole-2-carboxylic acid (6) through an amidation and a reduction reaction (Scheme 3).
Indole 8 was then reacted with cyclohexanecarboxaldehyde (10) and benzyl isocyanide (9) in methanol at room temperature (Scheme 4). To our delight, after one hour we observed the formation of a novel product which incorporated all three starting materials. 1 H and 13 C NMR analyses revealed the structure 11, a novel scaffold unknown in the literature. Compound 11, which was obtained in 74% yield, can be considered as a sort of arylogous carboxamidine. 21 In order to unequivocally confirm the molecular structure and, at the same time, to establish the spatial distribution of the functional groups, compound 11 was subjected to X-ray crystal structure analysis. 22 Its crystal structure is represented in Figure 1 , as an ORTEP 23 drawing together with the relative arbitrary atom-numbering scheme.
Figure 1 ORTEP
23 view of 11 and the relative atom-numbering scheme (thermal ellipsoids at 40% probability) 22 The overall molecular conformation of compound 11 is determined by the tetrahydro-β-carboline-based tricyclic framework having the side chain in the Z configuration and the cyclohexane axially oriented. The 1H-indole ring system is essentially planar and forms a dihedral angle of 77(1)° with the benzene ring attached to the tetrahydropyridine fragment. The conformation of the six-membered heterocyclic ring lies between the half-chair and envelope conformation, as shown by the asymmetry parameters Q T = 0.593(1) Å, φ 2 = -59(2)°, and θ = 69(1)°, while the cyclohexane adopts an almost perfect chair conformation, characterized by the puckering coordinates 24 Q T = 0.571(2) Å, φ 2 = -168(1)°, and θ = 179(2)°. The crystal packing is stabilized by intermolecular N-H···N-and Cπ-H···N-type interactions and by π-π contacts between the distal phenyl rings. 
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It is important to highlight that the decision to use a secondary amine in order to obtain the iminium ion under neutral conditions was fundamental for the success of this transformation. Indeed, when the same reaction was carried out with the nor analogue of 8 and a Lewis or Brønsted acid was used as catalyst to form the iminium ion, none of the desired product could be detected. Furthermore, when we performed the same reaction in the presence of a carboxylic acid (e.g., phenylacetic acid), we once again obtained the interrupted Ugi product in low yield (28%), along with the Passerini adduct (16%). No trace of the Ugi adduct could be detected.
Our proposed, plausible mechanism for this novel MCR is outlined in Scheme 5. The indole 8 reacts with the cyclohexanecarboxaldehyde (10) to generate an iminium ion 12.
The iminium ion 12 cannot participate in a Pictet-Spengler reaction with the indole nucleus as the closure would be 5-endo-trig, disfavored by the Baldwin ring-closure rules. Ion 12 is, however, electrophilic enough to interact with the isocyanide to form an electrophilic nitrilium ion 13. The latter is then intramolecularly intercepted by the C3 of the indole nucleus. 25 After a prototropic rearrangement, the final product 11 is obtained. The intramolecular nitrilium trapping should presumably happen in a stereoselective way, yielding the E-isomer 26 which isomerizes to the more stable Z-isomer.
Scheme 5 Proposed mechanism for the formation of 11
In order to verify the generality of this novel transformation, we used different indoles (8, 15-17), isocyanides (9, 18-22), and aldehydes (10, 23-28) ( Figure 2) ; the final compounds obtained are shown in Figure 3 . The reaction appears to be tolerant toward almost all types of isocyanides, both primary and secondary aliphatic and aromatic, as well as less reactive isocyanides such as isocyanoacetate 21 and tosylmethyl isocyanide (TosMIC, 22). Formaldehyde, and aliphatic and aromatic aldehydes, the latter requiring longer reaction time, are able to participate in this multicomponent transformation. Remarkably, even ketone 28 was able to react to produce a spiro compound, albeit in modest yield. Finally, both indoles bearing electron-donating or electron-withdrawing groups maintain the ability to intercept the nitrilium ion via the nucleophilic C3.
In order to verify the amidine nature of these compounds, we tested the hydrolytic stability of the imino moiety of compound 11 under both acidic (6 M HCl, reflux) and basic (6 M NaOH, dioxane, reflux) conditions. In both cases, no sign of hydrolyzed products could be detected.
In conclusion, heteroarylogous 1H-indole-3-carboxamidines, a new class of indole derivatives with four points of diversity, were efficiently synthesized via a facile threecomponent reaction. In this novel MCR, a new carbon-nitrogen bond, two carbon-carbon bonds, a carbon-nitrogen double bond, and a six-membered ring are produced in one pot in a single operation. The reaction proceeds under mild conditions without requiring catalysts. As the indole ring can be fully considered a privileged structure in agrochemicals and drugs, these compounds may represent novel molecular scaffolds of importance. Furthermore, being completely new and never reported, there are no intellectu- 
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al property rights associated with these compounds, rendering their exploitation valuable from an industrial point of view. We anticipate that other neglected heterocyclic rings (e.g., pyrroles, 27 furans, thiophenes), when properly functionalized, will be able to intercept the nitrilium ion, channeling the MCR through an interrupted Ugi transformation. Studies with these heterocyclic ring systems are in progress and the results will be reported in due course.
Commercially available reagents and solvents were purchased from Sigma-Aldrich and Alfa Aesar, and were used without further purification, unless otherwise noted. Liquid aldehydes were distilled with a Glass Oven B-585 Kugelrohr apparatus before being used. When needed, the reactions were performed in flame-or oven-dried glassware under a positive pressure of dry N 2 . NMR spectra were recorded with a Jeol ECP 300 MHz spectrometer; the δ values are given in parts per million. Mass spectra were recorded using a Thermo Finnigan LCQ Deca XP Plus spectrometer equipped with an ESI source and an ion trap detector. Infrared spectra were recorded on an FT-IR Thermo Nicolet Avatar spectrometer with absorption maxima (ν max ) recorded in wavenumbers (cm 

Amines 8, 15, 16, and 17; General Procedure
The corresponding carboxylic acid (1 equiv, 10 mmol) was dissolved (0.3 M) in CH 2 Cl 2 (ACS reagent, reag. ISO), and oxalyl chloride (1.6 equiv) and catalytic DMF (0.1 equiv) were added. The resulting suspension was stirred at r.t. for 12 h, then the solvent was evaporated in vacuo. The acyl chloride was then dissolved (0.2 M) in CH 2 Cl 2 (ACS reagent, reag. ISO) and the corresponding primary amine (1.2 equiv) was slowly added at 0 °C. The reaction mixture was stirred at r.t. overnight, then washed with 2 M NaOH (100 mL), 2 M HCl (100 mL), and brine (100 mL), then dried over Na 2 SO 4 . After evaporation of the solvent in vacuo, the crude amide was directly used for the next step without further purification. In a flame-dried flask, under N 2 atmosphere, LiAlH 4 (3 equiv) was dissolved in anhyd dioxane (60 mL), then the amide was added at 0 °C. The reaction mixture was refluxed overnight, then the reaction was quenched with a sat. aq solution of Na 2 SO 4 (15 mL) at 0 °C; the resulting mixture was filtered. The filtrate was basified with 2 M NaOH until pH 10, then it was extracted with EtOAc (3 × 100 mL). The combined organic phases were washed with brine (100 mL), then dried over Na 2 SO 4 and concentrated to dryness.
1-(1H-Indol-2-yl)-N-methylmethanamine (8)
Prepared from 1H-indole-2-carboxylic acid (6; 3 g, 20 mmol). 8 was obtained as a brown solid; yield: 1.04 g (35%).
The spectroscopic data were in agreement with those reported in the literature. 
N-(1H-Indol-2-ylmethyl)-1-phenylmethanamine (16)
Prepared from 1H-indole-2-carboxylic acid (6; 2 g, 12 mmol). 16 was obtained as a brown oil; yield: 1.34 g (46%).
Compounds 11 and 29-43; General Procedure
The amine (1 equiv) was dissolved (0.2 M) in MeOH (ACS reagent, reag. ISO, reag. Ph. Eur.), then the aldehyde (1 equiv) and the isocyanide (1 equiv) were subsequently added. The reaction mixture was stirred at r.t. until completion (3 to 24 h). The solvent was evaporated in vacuo and the product was purified by column chromatography.
N-[(4Z)-3-Cyclohexyl-2-methyl-2,3-dihydro-1H-pyrido[3,4-b]indol-4(9H)-ylidene]-1-phenylmethanamine (11)
Prepared from 8 (100 mg, 0.62 mmol), N-(2′-Methyl-1′,2′-dihydrospiro[cyclohexane-1,3′-pyrido[3,4-b 
N-(3-Isopropyl-2-methyl-2,3-dihydro-1H-pyrido[3,4-b]indol-4(9H)-ylidene)pentan-1-amine (29)
N-(3-Hexyl-2-methyl-2,3-dihydro-1H-pyrido[3,4-b]indol-4(9H)-ylidene)naphthalen-2-amine (30)
N-(2-Butyl-6-chloro-3-cyclohexyl-2,3-dihydro-1H-pyrido[3,4-b]indol-4(9H)-ylidene)naphthalen-2-amine (32)
Prepared from 
